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We present experimental evidence of sharp spectral features in the optical response of 2D arrays of gold
nanorods. A simple coupled dipole model is used to describe the main features of the observed spectral
line shape. The resonance involves an interplay between the excitation of plasmons localized on the
particles and diffraction resulting from the scattering by the periodic arrangement of these particles. We
investigate this interplay by varying the particle size, aspect ratio, and interparticle spacing, and observe
the effect on the position, width, and intensity of the sharp spectral feature.
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Nanoparticles of noble metals have been the subject of
many detailed studies due to their unique optical properties
[1], in particular because they can support localized surface
plasmon resonances (LSPR) [2]. The LSPR associated
with metal nanoparticles exhibit a high degree of optical
field confinement [3,4], together with a high sensitivity to
their local environment. Where two or more metallic nano-
structures are in close proximity, the possibility exists for
interaction between the modes of the individual nanostruc-
tures to form new hybrid modes [5]. The case of two
interacting particles has been extensively studied (for ex-
ample, see [6]). For multiple nanostructures there is also
the possibility of coherent interaction arising frommultiple
scattering. Light that is scattered so as to propagate in the
plane of the particles will undergo multiple scattering by
the regularly spaced particles. A geometric resonance
arises when the wavelength of the scattered light is com-
mensurate with the periodicity of the array, which, when it
occurs in the same spectral range as the LSPR, may lead to
a dramatic modification of the measured optical extinction.
It appears that this effect was first predicted by Carron et al.
(see, for example, [7]) and Markel [8,9] and more recently
followed up by Zou et al. [10]. Further theoretical or
computational work by these groups has extended our
understanding [8–13], and a tutorial review linking these
concepts to those associated with hole arrays has recently
been given [14].
Experiments to confirm the existence of these sharp
diffractive features in the optical response of metallic
nanoparticle arrays have met with only limited success.
Haynes et al. [15], Hicks et al. [16], Sung et al. [17], and
Lamprecht et al. [18] performed detailed studies of arrays
of gold and silver nanoparticles, but the effect was not as
pronounced as expected from the modeling. In each case,
failure to observe the sharp spectral features appears to be
due to one or more of the following factors: lack of an
homogeneous environment, an angle spread of the illumi-
nation, an inappropriate choice of the particle volume and
aspect ratio. Fe´lidj et al. [19] reported sharp features in a
system consisting of a regular array of gold nanorods
supported on a thin indium tin oxide (ITO) layer.
However, the presence of the ITO layer complicates the
analysis and makes the underlying physics harder to un-
ravel: such a system leads to a rich physics when the ITO is
thick enough to support waveguide modes that interact
with the LSPR [20]. Here we report measurements from
regular arrays of gold nanorods in an homogeneous index
environment that exhibit the expected sharp peaks in ex-
tinction. The homogeneous environment allows us to apply
a simple analytical model and so clarify the physics.
Further, we explore the role of array period, particle size,
and particle shape on the spectral line shape. First we look
at a simple semianalytical model, then we discuss the
results of our experiments.
In the coupled dipole approximation, each particle is
modeled by a dipole of polarizability . We summarize
here the spirit and notation of Ref. [12] and refer the reader
to other references [11,13] for a more complete treatment.
The particles studied in this work are described as ellip-
soids (semiaxes a, b, and c, volume V), for which the static
polarizability can be written as [21]
static / V "m  "d
3"m þ 3ð"m  "dÞ ; (1)
with "m and "d the relative permittivities of the metal and
surrounding medium, respectively, and  a shape factor.
When the particle size is of order 50 nm or more, this
expression needs to be modified to account for dynamic
depolarization and radiative damping—the modified long
wavelength approximation (MLWA) [22]. We do so by
introducing an effective polarizability MLWA ¼
static=ð1 23 ik3static  k
2
a 
staticÞ, k ¼ nk0 being the
wave number in the (homogeneous) surrounding medium
which has refractive index n. When excited by an electro-
magnetic wave at frequency !, a dipole reradiates a scat-
tered wave in proportion to its dipole moment. The net field
on every dipole is therefore the sum of the incident field
plus the radiation from all other dipoles, which leads to a
system of coupled equations to be solved self-consistently
for the total field. Assuming an infinite array, the general
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solution can be expressed as an effective polarizability ?
for every (indistinguishable) particle,
? ¼ 1
1= S ; (2)
where the array factor S embraces the contribution from
the other dipoles, and is only dependent on geometrical
parameters. In the case of normal incidence, and for a
square array of dipoles, this factor is
S ¼ X
dipoles
eikr
ð1 ikrÞð3cos2 1Þ
r3
þ k
2sin2
r

; (3)
 being the in-plane angle between the dipole locations.
The poles of the effective polarizability define the reso-
nances [9] and result from an interplay between the particle
properties and the geometrical array factor. When the
imaginary part of S is negative, a partial cancellation of
the radiative damping has been predicted [23], thus im-
proving the quality factor of localized surface plasma
resonances. The optical extinction cross section ext is
obtained from the polarizability using the optical theorem
by [11,21], ext / k ImðÞ.
Using this simple approach we are able to qualitatively
understand the spectral features observed in the experi-
ments. Figure 1 presents an example of this calculation for
an isolated gold ellipsoid and for the situation when the
ellipsoid is part of a periodic square array. Several features
may be noted. (i) A peak in the extinction curve (top panel)
is obtained when the real part of (1= S) vanishes in
Eq. (2) [9]. These crossing points are shown by dot-dashed
gray lines. (ii) The jumps in both the real and imaginary
part of S (bottom panel) are associated with diffraction: the
two vertical dashed red lines indicate the position of the
h1; 0i and h1; 1i diffraction edges for this square grating.
(iii) The intensity of the resulting extinction peaks (upper
panel) depends on the imaginary part of S at this wave-
length, and the width will also depend on the slope of both
1= and the real part of S [14]. The inset shows the effect
of pitch variation and reveals two different regimes. When
the diffraction edge is on the high-energy side of the main
LSP resonance (nh < 0), very little radiative coupling can
occur as the allowed diffracted orders are all of higher
energy than the plasmon resonance. The thin blue curves
show the effect of pitch variation in this regime, the spectra
show a Fano-type shape resulting from interference be-
tween directly transmitted light and light scattered by the
array. Notice also that the main resonance is sharpened,
redshifted, and enhanced with respect to the isolated
LSPR. In the other regime, when the diffraction edge is
on the low-energy side of the main resonance (nh > 0,
thick red curves), a very sharp and intense peak is found in
the long wavelength tail of the main resonance; its intensity
and width decrease for peak positions further from the
main resonance.
To explore these phenomena, we fabricated and charac-
terized a number of gold nanorod arrays. The samples were
produced by electron beam lithography on fused silica
substrates (n ¼ 1:46). A 100 nm thick layer of poly(methyl
methacrylate) (PMMA) resist was spin coated on the sub-
strates, with a 15 nm thick gold overlayer deposited by
thermal evaporation to ensure the electrical conductivity
required for the electron beam lithography exposure. The
spatial extent of the arrays was 35 m 35 m. Particle
sizes were in the range 50—120 nm with aspect ratios
ranging from 1:1 to 2:1. This spread of sizes was dictated
by three parameters: (i) the spectral range of our acquis-
ition system (400–900 nm), (ii) the requirement that only
the dipolar mode contributes substantially to the optical
response of the particles, (iii) smaller particles have reso-
nances that suffer from strong absorption by the gold. After
developing the exposed resist mask, a 2 nm chromium
adhesion layer was deposited by thermal evaporation, fol-
lowed by a 35 nm thick gold layer (99.99% purity, pressure
2 106 Torr). We found that this very thin layer of
chromium did not alter noticeably the LSPR. The in-plane
particle geometries were measured by scanning electron
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FIG. 1 (color online). Top: Calculated isolated particle extinc-
tion cross section for an ellipsoidal particle (semiaxes: a ¼
60 nm, b ¼ 40 nm, c ¼ 15 nm, surrounding medium: n ¼
1:46, incident light polarized along a). Solid red curve: Same
particle in an array. Inset: Effect of pitch variation. The pitch
values h are 454, 476, and 497 nm for the thin blue curves and
519, 534, 548 nm for the thick red curves. Bottom: Corre-
sponding calculated array factor (real and imaginary part). The
finite number of dipoles (400 400) creates spurious fast oscil-
lations in the array factor S, which were smoothed before
insertion in Eq. (3) (continuous lines).
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microscopy (SEM), and the particle height measured by a
calibrated crystal monitor during the deposition, and cross-
checked by a tilted SEM image. The optical characteriza-
tion of the sample was undertaken using bright-field trans-
mission spectroscopy at normal incidence (angular spread
<0:1), in an index matching index fluid (n ¼ 1:46).
Two sets of transmission spectra are shown in Fig. 2 for
varying particle separations. The top panel corresponds to
a homogeneous (index matched) surrounding environment.
Several features are apparent from these curves. (i) As the
periodicity is varied, a sharp interference pattern sweeps
through a broad resonance (the isolated localized plasmon
resonance with a typical width of 100 nm, centered at
710 nm). (ii) A clear correlation between the sharp trans-
mission dip and the array pitch exists. The bottom panel
presents the equivalent result for an asymmetric index
configuration where air replaces the index matching oil.
Here, the asymmetry between substrate and superstrate
strongly hinders the radiative coupling effect between
particles and we observe very similar results to previous
experimental studies [18,24]: a strong asymmetry in the
spectral line shape, but without the presence of a sharp dip
near the diffraction edge. Note that in the homogeneous
environment (top panel), a weak secondary minimum is
present on the high-energy side of the sharp diffractive
feature. Fe´lidj et al. observed something similar [19], but
for a sample where the particles were supported on a thin
ITO layer. Our observation in the absence of index asym-
metry suggests that the additional minimum cannot be
explained by two diffracting conditions, as suggested in
[19]. To further support this argument, we note that the
relationship between the two minima and the diffraction
edge changes as the diffraction edge sweeps through the
particle resonance (more clearly seen in Fig. 3).
Focusing now on the symmetric index configuration that
displays a sharp spectral feature, the experimental data
were processed as follows. First, the transmittance spectra
for different particle separations were scaled to account for
the fact that a different number of particles contribute to
the extinction. Second, as the transmittance per particle has
little physical meaning, it was converted into an extinction
cross section, related to the measured transmittance T by
ext ¼ h2ð1 TÞ. In this way, we obtain the results plotted
in Fig. 3, results that show all the features expected from
the coupled dipole model (see inset of Fig. 1). Note that the
area under the extinction curve appears to be constant, as
suggested by a sum rule for extinction [25].
When studying the sharp feature and its dependency on
the different parameters, it is useful to try to decorrelate the
effect of particle separation, particle volume, and particle
aspect ratio. By using a range of samples so as to give a
large spread of particle sizes, we were able to obtain the
extinction from two arrays for which particles of different
aspect ratio had the same volume. The use of a polarizer
allows us to compare the two in-plane axes for a given
particle, as shown in Fig. 4. The more elongated particles
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FIG. 2 (color online). Transmittance spectra for gold nanorod
arrays in an homogeneous index environment (top, oil immer-
sion n ¼ 1:46) and asymmetric refractive index configuration
(bottom, incident light in air), for five particle separations.
Nominal particle sizes: 100 nm 90 nm 35 nm (top),
120 nm 90 nm 35 nm (bottom). The vertical lines indicate
the position of the h1; 0i and h1; 1i diffraction edges for the two
refractive index environment configurations.
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FIG. 3 (color online). Extinction spectra (per particle) for
several gold nanoparticle arrays. The average particle size was
123 nm 85 nm 35 nm. Inset (nominal particle size
120 nm 90 nm 35 nm): When the diffraction edge is on
the blue side of the main resonance, a much weaker effect is
observed. Interestingly, complete transmission can be obtained
near the diffraction edge; see especially the curve for 420 nm
pitch in the inset.
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exhibit a redshifted resonance along the long axis, the short
axis being blueshifted. As expected, the particle volume
alone is not sufficient to uniquely determine the observed
spectral features. In particular, the sharp peak near the
diffraction edge is much more intense for the case of the
higher aspect ratio particle, at a constant volume and
constant particle separation. In these measurements, the
peak intensity is mainly dictated by the proximity of the
diffraction edge to the LSP resonance, which in turn is
determined by the particle polarizability, a function of both
the volume and aspect ratio [Eq. (1)]. We expect that the
radiative coupling between particles will depend on the
overlap between the propagating field and the mode asso-
ciated with the localized plasmon resonance.
We have shown experimental evidence for the narrow
spectral features in the optical response of periodic metal
nanoparticle arrays that have been predicted in the litera-
ture for several years now. The periodic arrangement of
nanorods introduces an interference feature close to the
diffraction edge, and its position with respect to the local-
ized plasmon resonance was varied by changing the parti-
cle separation.
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FIG. 4 (color online). Extinction spectra, normalized by the
occupancy for two polarization states (long axis: solid lines;
short-axis: dashed lines). The colors refer to two arrays of
particles both of pitch 540 nm for which the particle volume is
approximately the same, but the particles have different aspect
ratios.
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